Abstract. Thyroid cancer is the most common endocrine malignancy and accounts for the majority of endocrine cancerrelated deaths each year. Our group and others have previously demonstrated dysfunctional microRNA (miRNA or miR) expression in the context of thyroid cancer. The objective of the present study was to investigate the impact of synthetic manipulation of expression of miR-25 and miR-222 in benign and malignant thyroid cells. miR-25 and miR-222 expression was upregulated in 8505C (an anaplastic thyroid cell line) and Nthy-ori (a SV40-immortalised thyroid cell line) cells, respectively. A transcriptomics-based approach was utilised to identify targets of the two miRNAs and real-time PCR and western blotting were used to validate a subset of the targets. Almost 100 mRNAs of diverse functions were found to be either directly or indirectly targeted by both miR-222 and miR-25 [fold change ≥2, false discovery rate (FDR) ≤0.05]. Gene ontology analysis showed the miR-25 gene target list to be significantly enriched for genes involved in cell adhesion. Fluidigm real-time PCR technologies were used to validate the downregulation of 23 and 22 genes in response to miR-25 and miR-222 overexpression, respectively. The reduction of the expression of two miR-25 protein targets, TNF-related apoptosis-inducing ligand (TRAIL) and mitogen-activated protein kinase kinase 4 (MEK4), was also validated. Manipulating the expression of both miR-222 and miR-25 influenced diverse gene expression changes in thyroid cells. Increased expression of miR-25 reduced MEK4 and TRAIL protein expression, and cell adhesion and apoptosis are important aspects of miR-25 functioning in thyroid cells.
Introduction
Thyroid cancer is the most common endocrine malignancy, and incidences are on the rise worldwide. Thyroid tumours frequently possess genetic alterations which lead to the activation of the mitogen-activated protein kinase (MAPK) signalling pathway (1) . The expression of microRNAs (miRNAs or miRs) has been studied in thyroid cancers, and as with other types of cancer, miRNA profiles have been found to be significantly different between tumours of the thyroid compared to normal thyroid tissue. For instance miR-146, miR-221, miR-222, miR-155, miR-181a and miR-181b have been shown to differentiate papillary thyroid cancer from normal thyroid tissue (2, 3) . miRNAs have also shown differential expression between different types of thyroid cancer (4) and within a multifocal pluriform tumour from an individual thyroid gland (5) , thus illustrating that miRNA profiles have demonstrated both intraand inter-tumour variability. The functions of some of these differentially expressed miRNAs have also been elucidated: for instance, miR-221 has been shown to regulate HOXB5 (6) and the human telomerase reverse transcriptase (hTERT) gene is regulated by miR-138 (7) . Furthermore, the potential utility of these small molecules to aid thyroid cancer diagnosis (8) and prognosis (9) has also been investigated.
The aim of the present study was to elucidate the target mRNAs of two miRNAs that we had previously found to be differentially expressed in thyroid cancer (5) : miR-222 and miR-25. miR-222 is commonly found to be upregulated in thyroid cancer (2) (3) (4) and is part of an intergenic miRNA cluster (that also contains miR-221) on the p11.3 region of the X chromosome. It is one of the most well-known miRNAs linked to thyroid cancer, and some of its gene targets have been elucidated, including the KIT gene (2) and the p27 Kip1 protein (10) . miR-25 is also located in a miRNA cluster, termed the mi-106b-25 cluster. miR-106b and miR-93 are the two other miRNAs in this highly conserved cluster which is located in a 515-bp region at chromosome 7q22, in intron 13 of the host gene MCM7. The miRNAs are co-transcribed in the context of the MCM7 primary transcript and have been found to accumulate in different types of cancer, including gastric, prostate, pancreatic neuroendocrine tumours, neuroblastoma and multiple myeloma (11) . miR-25 has been shown to regulate p57 (12) and E2F1 as part of a negative feedback loop in gastric cancer (11) . It has also been shown to promote cell invasion and migration in esophageal squamous cell carcinoma (13) and regulate apoptosis by targeting the Bim protein in ovarian (14) and eosophangeal cells (15) . miR-25 has been found to be downregulated in anaplastic thyroid carcinoma (16) and, along with miR-30d, to target the polycomb protein enhancer of zeste 2 (EZH2) in this disease context (17) .
In this study, we describe work in which we examined the impact of upregulating the thyroid cancer-associated miRNA miR-222 in benign Nthy-ori cells, and miR-25, a miRNA downregulated in anaplastic thyroid cancer, in the anaplastic cancer-derived 8505C cell line. Microarray technologies were utilised to monitor global gene expression changes in response to altered expression of miR-222 and miR-25. This unbiased genome-wide approach provided by the microarrays yielded the discovery of almost 100 mRNAs that are either directly or indirectly targeted by each miRNA in thyroid cells and have not been previously described to the best of our knowledge. These gene lists provide insights as to the functions of these miRNAs within thyroid cells; they contain both predicted and novel targets of the miRNAs, a subset of which were validated at the mRNA and protein level.
Materials and methods
Cell culture. The human thyroid follicular epithelial cell line Nthy-ori 3-1 (cat no. 90011609; ECACC, Salisbury, UK) was grown in RPMI media containing 10% foetal bovine serum (FBS), 2% penicillin/streptomycin (5,000 U/ml). An undifferentiated human thyroid carcinoma cell line, 8505C, (cat no. 94090184; ECACC) was grown in Eagle's minimum essential medium (EMEM) with Hank's buffered salt solution (HBSS) containing 2 mM glutamine and 1% non-essential amino acids (NEAA), 10% FBS, and 2% penicillin/streptomycin (5,000 U/ml). All cell culture reagents were purchased from Lonza (Basel, Switzerland) and cells were incubated at 37˚C in a 5% CO 2 humidified chamber (series II water jacketed CO 2 incubator; Thermo Fisher Scientific, Waltham, MA, USA).
Transfections. For transfections, Nthy-ori 3-1 and 8505C cells were plated at a density of 1.5x10 5 cells/ml in 12-well plates (Nalge Nunc, Penfield, NY, USA) with three replicate wells for each condition. Cells were reverse transfected using Lipofectamine 2000 (Invitrogen, Grand Island, NY, USA) according to the manufacturer's instructions with 50 nM pre-miR positive control (cat. # AM17150), pre-miR negative control #1 (cat. # AM17110), pre-miR-222 (cat. # PM11376) or pre-miR-25 (cat. # PM12401) (Ambion, Austin, TX, USA).
Transfection efficiency was evaluated using TaqMan real-time polymerase chain reaction (PCR) as follows. Pre-miR hsa-miR-1 miRNA precursor was used as a positive control in transfection experiments as, upon delivery into cells, it effectively downregulates the expression of PTK9 at the mRNA level. Effective delivery and activity of the pre-miR hsa-miR-1 miRNA precursor was detected by real-time PCR using a TaqMan Gene Expression assay to PTK9 (assay ID: Hs00702289_s1), and GAPDH mRNA was measured as an endogenous control (assay ID: Hs02758991_g1) (both from Applied Biosystems, Foster City, CA, USA). A high capacity cDNA reverse transcription kit (cat. # 4374966; Applied Biosystems) was used to convert total RNA to single-stranded cDNA for positive control analysis. Reactions contained 2 µl of RT buffer (10X), 0.8 µl of deoxynucleotide triphosphate (25X), 2 µl of random primers (10X), 1 µl of multiscribe RT enzyme (500 U/µl), 1 µl of RNase inhibitor, 3.2 µl of nuclease-free water and 10 µl of extracted total RNA. The reactions were incubated at 25˚C for 10 min, 37˚C for 2 h, and 85˚C for 5 sec (Perkin Elmer 9600 GeneAmp PCR system; Applied Biosystems). Real-time PCR reactions were performed with TaqMan 2X Universal master mix (no AmpErase UNG) (cat. # 4304437; Applied Biosystems) and TaqMan gene expression assays (listed previously). Reactions contained 10 µl of TaqMan Universal PCR master mix (no AmpErase UNG), 1 µl of TaqMan gene expression assay (20X), 2 µl of cDNA template and 7 µl of nuclease-free water.
For miRNA analysis, total RNA from transfections was used to synthesise cDNA using the high-capacity cDNA reverse transcription kit and miRNA-specific RT primers for miR-222 (cat. # 4427975), miR-25 (cat. # 4427975), and endogenous control RNU6B (cat. # 4427975) (Applied Biosystems) in 15 µl reactions. Reactions contained 0.15 µl of 25X dNTP mixture (100 mM), 1 µl of multiScribe reverse transcriptase (50 U/µl), 1.5 µl of reverse transcription buffer (10X), 0.19 µl of RNase inhibitor, 4.16 µl of nuclease-free water, 3 µl of RT primer and 5 µl of extracted total RNA. The reactions were incubated at 16˚C for 30 min, 42˚C for 30 min, 85˚C for 5 min and then an indefinite hold at 4˚C (Perkin Elmer 9600 GeneAmp PCR system; Applied Biosystems). miRNA expression was then assessed using sequence specific primers from the TaqMan microRNA assays and TaqMan 2X Universal master mix (no AmpErase UNG) (cat. # 4304437; Applied Biosystems) in 20 µl reactions according to the manufacturer's instructions. Reactions contained 1 µl of TaqMan miRNA assay mix (20X), 1.33 µl of product from RT reaction (1:15 dilution), 10 µl of TaqMan 2X Universal master mix (no AmpErase UNG) and 7.67 µl of nuclease free water. Each assay was performed in triplicate for each sample.
All real-time PCR reactions were incubated in a 96-well optical plate (cat. # N8010560; Applied Biosystems) at 95˚C for 10 min, following by 40 cycles of 95˚C for 15 sec and 60˚C for 1 min on the Applied Biosystems 7900HT Real-Time PCR system (Applied Biosystems). Study files were generated using a fixed threshold of 0.1 on the SDS2.2.2 software (Applied Biosystems), and Microsoft Excel (Microsoft, Redmond, WA, USA) was used to perform ΔΔCt analysis on the real-time PCR output (18) .
RNA isolation and mRNA microarray analysis. Total RNA was isolated from transfected cell lines using PARIS™ Protein and RNA isolation kit (cat. # AM1556; Ambion) and RNeasy mini kit (cat. # 74104; Qiagen, Venlo, The Netherlands). Briefly, the cells were lysed with PARIS Cell Disruption Buffer and 2X Lysis/Binding Solution. Cell lysates were then transferred to Qiagen QIAshredder columns followed by RNA extraction and on column DNase treatment (Cat. # 79254; Qiagen, Venlo, The Netherlands) according to the manufacturer's instructions. RNA nanogram concentration per microlitre was verified using a NanoDrop spectrophotometer (ND-1000; Labtech International, Lewes, UK) and RNA integrity was verified using a 2100 Bioanalyser (Agilent, Santa Clara, CA, USA).
Affymetrix GeneChip Human Gene 1.0 ST arrays were used for gene expression analysis according to the manufacturer's instructions (cat. # 902461; Affymetrix, Santa Clara, CA, USA). Three biological repeats were used for each treatment. Microarray statistical analysis was performed on .CEL files using the Partek Genomics Suite (Partek Inc., St. Louis, MO, USA; www.partek.com). Data were normalised and summarised using the robust multi-average method, as previously described (19) . Paired t-tests were performed to compare the data from the pre-miR transfections to the negative control transfections. Comparisons were corrected for multiple testing using the false discovery rate (FDR). Genes were deemed to be differentially regulated in the pre-miR™ transfected cells if they possessed a FDR ≤0.05 and a fold change ≥2. Gene functional and pathway enrichment analysis was assessed by the PANTHER database (http://www.pantherdb.org/).
Fluidigm reverse transcription-PCR analysis of target genes downregulated by miR-222 and miR-25.
Total RNA from transfections was converted to single-stranded cDNA using the High Capacity cDNA Reverse Transcription kit (cat. # 4374966; Applied Biosystems) in 20 µl reactions, as described in the transfection section of this manuscript.
Pre-amplification of cDNA was performed using the TaqMan PreAmp Master Mix kit (cat. # 4384267; Applied Biosystems). The assays used were as follows: MAL2; Hs00294541_m1, MAL; Hs00242748_m1, TLR3; Hs01551078_m1, ADM;the pre-amplification reaction, the intended assays were pooled together, as per the manufacturer's instructions, with 1X Tris-EDTA (TE) buffer in a 0.2X pooled assay mix. The pre-amplification reaction was performed in 5 µl reactions containing 2.5 µl of TaqMan PreAmp master mix (2X), 1.25 µl of the pooled assay mix (0.2X), and 1.25 µl of cDNA sample (100 ng). The pre-amplification reaction was performed for 10 min at 95˚C, and 14 cycles of 15 sec at 95˚C and 4 min at 60˚C (PE 9600 GeneAmp PCR system; Applied Biosystems).
The Fluidigm Dynamic Arrays facilitate the testing of the expression of 48 genes in 48 samples by performing 2,304 PCR assays per chip. The TaqMan gene expression assays listed in the previous paragraph were diluted to a final concentration of 10X using Fluidigm DA Assay Loading Reagent (cat. # 100-7611; Fluidigm, South San Francisco, CA, USA), and the pre-amplified products, diluted to 1:5 using 1X TE buffer. The cDNA product was combined with real-time PCR reagents in 5 µl reactions as follows: 2.25 µl of diluted pre-amplified cDNA, 2.25 µl Universal PCR master mix (2X) (cat. # 4304437; Applied Biosystems), and 0.25 µl Fluidigm sample loading agent (cat. # 100-7610; Fluidigm). Samples, primers and probes were then loaded onto the Fluidigm 48.48 Dynamic Arrays and placed on the IFC controller (both from Fluidigm) which pressure-loads the assay components into the reaction chambers. Assay components are automatically combined on-chip. The Biomark Real-Time PCR system (Fluidigm) was then used for thermal cycling and fluorescence detection. cDNA from transfections was loaded in duplicate on three replicate dynamic arrays. Microsoft Excel (Microsoft) was used to perform ΔΔCt analysis on the real-time PCR output, as previously described (18) .
Protein extraction and western blotting. Protein was isolated from transfections using ice-cold radioimmunoprecipitation assay (RIPA) buffer (cat. # R0278; Medical Supply Co., Dublin, Ireland) with added protease and phosphatase inhibitor cocktails (cat. # 04693116001 and 04693116001 respectively; Roche, Indianapolis, IN, USA). Samples were suspended in SDS-PAGE sample buffer (cat. # S3401; Sigma-Aldrich, St. Louis, MO, USA), boiled for 4 min, and resolved on 10% SDS-PAGE gels. The separated proteins were electrophoretically transferred to PVDF membranes by the semi-dry transfer technique for 1 h. PVDF membranes were subsequently blocked in 5% non-fat dried milk in TBS-0.1% Tween-2 (TBS-T) for 1 h at room temperature, washed three times in TBS-T, and incubated with primary antibodies (polyclonal rabbit anti-human mitogenactivated protein kinase kinase 4 (MEK4) (sc-964; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) diluted to 1:50, or monoclonal mouse anti-human TNF-related apoptosis-inducing ligand (TRAIL) (ab12124) at 2 µg/ml, or monoclonal mouse anti-human GAPDH (ab8245) (diluted to 1:25,000) (both from Abcam, Cambridge, UK) overnight at 4˚C with gentle rocking. After three washes in TBS-T, the membranes were incubated with the appropriate HRP-labelled secondary antibodies [goat anti-mouse IgG-HRP, goat anti-rabbit IgG-HRP (cat. # 7076 and 7074 respectively; Cell Signaling Technology, Danvers, MA, USA)] for 1 h at room temperature. The membranes were washed three times in TBS-T and immunoreactive bands were visualised using a HRP development solution containing 100 mM Tris-HCl pH 8.8, 30% H 2 O 2 , 250 mM luminol, and 90 mM 4-iodophenylboronic acid (4-IPBA), and subsequent exposure to Kodak light-sensitive film (cat. # F5763-50EA; Sigma-Aldrich). Jurkat T cell lysates were a gift from Dr Michael Freeley and were used as postive control lysates in western blot experiments
Results
As has been previously noted, expression of miR-222 is upregulated in thyroid cancers compared to their normal counterparts (2) (3) (4) (5) , while expression of miR-25 is downregulated in anaplastic thyroid carcinoma (5, 16) . We therefore investigated the impact of overexpression of miR-222 in normal Nthy-ori cells, and of miR-25 in the 8505C cells. An average 2.9-fold upregulation of miR-222 and 10,939-fold upregulation of miR-25 was observed with the pre-miR transfections (n=3). The very large miR-25 fold change increase resulted from an average Ct change of 20.95 in the pre-miR-25 treated cells compared to 33.53 in the cells treated with the negative control pre-miR. Reduced transfection efficiency in the normal Nthy-ori cells may explain the more modest increase in miR-222 post-transfection; however, the positive control gene, PTK9, was downregulated to a similar extent in both cell lines; 82.9 and 76.9% in the 8505C and Nthy-ori cells respectively. Microarray analysis elucidated the genes significantly downregulated (FDR value ≤0.05 and fold-change ≥2) by pre-miR-222 in Nthy-ori cells and pre-miR-25 in 8505C cells. We found that overexpression of miR-222 in normal Nthy-ori cells resulted in the downregulation of 82 target genes, while overexpression of miR-25 resulted in the downregulation of 98 target genes in 8505C cells. Figs. 1A and 2A illustrate the genes that were significantly downregulated by pre-miR-222 and pre-miR-25, respectively (see Tables I and II The downregulation of 22 genes in response to miR-222 overexpression identified by the microarray analysis (both predicted and novel targets) was successfully validated using Fluidigm real-time PCR technologies (Table III and Overexpression of miR-25 in 8505C cells. The list of 98 miR-25 target genes was also cross-referenced with in silico prediction results. This comparison revealed that the list of genes that were significantly downregulated by pre-miR-25 in the 8505C cells is enriched with 27/98 or 27.55% predicted gene targets for miR-25. Gene ontology analysis of the miR-25 gene target list suggests that cell adhesion is an important aspect of miR-25 functioning in the thyroid cells as biological processes including cell adhesion, cell communication, signal transduction, and cell adhesion-mediated signalling were significantly enriched for in this list (P-value 1.47E-02, 1.18E-03, 3.13E-02 and 1.59E-02, respectively). The list is also significantly enriched for cell adhesion molecules: ITGA3, ITGA5 (which is also a predicted target of the miRNA in all three databases used); and ITGA6 (P-value 3.10E-03) and CAM family adhesion molecules: PSG1, PSG5, PSG6 and PSG7 (P-value 2.47E-02). Seven receptors are also in the miR-25 list: TCP11L2, RARB, GRPR, PTPRK, AXL, LRRC38 and OXTR; six transcription factors: RARB, FOXN3, SATB1, NCOA3, GTF2E2 and NFIA; and five kinases: MPP1, AXL, MAP2K4, PAPSS2 and NEK7, and a member of the tumour necrosis family, TNFSF10/TRAIL.
Fluidigm real-time PCR technologies were used to confirm the downregulation of 23 predicted and novel gene targets in response to miR-25 expression in the 8505C cells (Table IV and Fig. 2B ). All genes tested were downregulated in both the microarray and Fluidigm analyses (Pearson's correlation, 0.538; TRAIL removed, 0.810). In addition, two novel targets of miR-25 were successfully validated at the protein level by western blotting; predicted target MEK4 and novel target TRAIL. Fig. 2C and D illustrate the reduction in MEK4 and TRAIL protein expression following treatment of anaplastic thyroid cells with pre-miR-25, demonstrating that they are direct or indirect targets of this miRNA.
Discussion
The aim of this study was to elucidate the mRNA targets of two miRNAs that we had previously found to be differentially expressed in thyroid cancer (5): miR-222 and miR-25. This was achieved by overexpressing the thyroid cancer-associated miRNA miR-222 in the transformed normal Nthy-ori cells, and miR-25 in the anaplastic cancer-derived 8505C cells. The use of microarrays to analyse the RNA from these cells exploited an unbiased genome-wide approach and yielded the discovery of a set of mRNAs that are either directly or indirectly targeted by each miRNA in thyroid cells, and have not been previously described. The gene target lists produced by this genome-wide investigation compare favourably with previously published studies on miRNA target elucidation and prediction. Similar to prior studies (21, 23) , the two pre-miRs used in this body of study each downregulated almost 100 target transcripts: 98 by pre-miR-25 in the 8505C cells and 82 by pre-miR-222 in the Nthy-ori 3-1 cells. The subtle change in gene expression observed in the genes targeted by pre-miR-222 and pre-miR-25 (between 2-and 4-fold) is also similar to other studies on the subject (6, 21) . Finally, the relatively low number of predicted miRNA targets significantly differentially expressed has been noted previously (6) , and the divergent assortment of molecular functions and biological processes encompassed within the gene target lists is also reflective of published accounts of target prediction and elucidation (20, 21) . These diverse lists allow us insight into the functions of these two miRNAs within the respective thyroid cell lines. For instance, upregulation of miR-222 in Nthy-ori cells impacts on several transcription factors, cell signalling molecules, and genes involved in defence and immunity (PNMA2, C4BPB, SDC2, MAL, TLR3 and SAA1).
Expression of miR-25 is downregulated in anaplastic thyroid carcinoma, so we upregulated the expression of miR-25 in the anaplastic thyroid carcinoma 8505C cell line. Although miR-25 was found to target genes with a wide variety of functions, the gene ontology analysis of this list highlights the predilection of this miRNA for regulating genes involved in cell adhesion, with both this cellular process and molecules of this molecular function being significantly over-represented in this list. Two main groups of cell adhesion molecules are over-represented in the miR-25 target list; integrin α genes ITGA3, ITGA5 (which is a predicted target of the miR-25 in miRanda, PicTar and TargetScan) and ITGA6, and the pregnancy-specific glycoproteins (PSGs); PSG1, PSG5, PSG6 and PSG7. Loss of miR-25 expression in anaplastic thyroid carcinoma is therefore associated with upregulation of genes encoding integrins and glycoproteins. The ITGA genes appear to be markers of aggression in the cancers in which they have been explored. For instance, ITGA3 and ITGA5 have been shown to be markers of invasiveness in head and neck squamous cell carcinoma (24) , ITGA3, along with ITGB4 and 5 were found to be candidate biomarkers for cervical lymph node metastasis or death in tongue squamous cell carcinoma (25) and ITGA6 was found to be necessary for the tumourigenicity of a stem cell-like subpopulation within the MCF7 breast cancer cell line (26). This is not the first occasion miR-25 has been linked to a role in cell adhesion, as Xu et al have previously highlighted the role of miR-25 in oesophageal squamous cell carcinoma (ESCC). They found upregulation of this miRNA in ESCC cells promoted migration and invasion, and also found that miR-25 directly targets E-Cadherin, an important cellular adhesion protein in the ESCC cells (13) . Gerson et al have recently identified miR-25, and indeed miR-222, to be responsive to β4 integrin expression in breast carcinoma cell lines (27) . Our observation, along with these previous studies in breast cancer and ESCC, indicates a role for miR-25 in tumour progression through the disruption of cell adhesion.
Additional functions of miR-25 are highlighted with the two proteins (MEK4 and TRAIL) that were shown to be downregulated in response to the expression of miR-25. MEK4 is a member of the MAP kinase kinase family that directly phosphorylates and activates c-Jun NH2-terminal kinase (JNK) in response to cellular stresses and pro-inflammatory cytokines, and can also activate p38 (28) . MAP kinase signalling is often disrupted in thyroid cancer through RAS, BRAF or RET/PTC mutations (29) . Both tumour suppressor and oncogenic functions have been attributed to MEK4 in cancer (30, 31) . Little is known of the role of MEK4 in thyroid cancer; however, Chiariello et al demonstrated that Ret signalling involves MEK4 (32) . It remains unclear as to whether MEK4 expression influences anaplastic thyroid carcinoma in a tumour suppressive or oncogenic manner. However, as pre-miR-25 was shown to downregulate MEK4 mRNA and protein in ATC 8505C cells in this study, it is interesting to speculate that the endogenous downregulation of miR-25 may lead to the upregulation of MEK4 expression and its pro-oncogenic characteristics in ATC cells.
TRAIL expression was also decreased in response to miR-25 expression in 8505C cells. TRAIL has five cellular receptors and can activate the extrinsic and intrinsic pathways to regulate intercellular apoptotic responses in the immune system (33) . Approximately a decade and a half ago it was noted that TRAIL could induce apoptosis in transformed and malignant cells but not in normal cells (34) . TRAIL was subsequently found to be capable of triggering apoptosis in eight PTC and two ATC derived thyroid carcinoma cell lines but not in normal thyrocytes (35) . As a result of this tumour-specific effect, a great deal of work was done to develop anticancer therapies to mimic the effect of TRAIL. The TRAIL and MAP kinase pathways appear to overlap in TRAIL therapy signalling. Ohtsuka et al reported that the combination of anti-death receptor antibodies and chemotherapy agents led to a synergistic activation of the JNK/p38 MAP kinase which was mediated by MEK4 in breast, prostate and colon cancer cells (36) . Moreover, Söderström et al showed that MAP/extracellular regulated kinase (ERK) signalling (which is frequently over-activated in thyroid cancer) protected activated T cells from TRAIL-induced apoptosis (37) .
miR-25 involvement in the TRAIL-mediated apoptosis pathway was confirmed further with the observation by Razumilava et al that this miRNA targets TRAIL death receptor-4 (DR4) and promotes apoptosis resistance in cholangiocarcinoma (38) . If one considers the pro-apoptotic role of TRAIL, it is difficult to elucidate how an upregulation of this gene through the endogenous downregulation of miR-25 would be beneficial to the progress of anaplastic thyroid carcinoma. However, a review by Newsom-Davis et al outlines in vitro and in vivo experiments in which TRAIL expression induced proliferation, migration and invasion of tumour cells which were resistant to TRAIL-mediated apoptosis. They describe how secondary intracellular signalling complexes, following TRAIL DISC formation, can activate NF-κB via the inhibitor of κB kinase complex (IKK complex) which signals through MAPK, JNK and p38 (39) . Other groups have shown that TRAIL-induced survival and proliferation does not involve the p38 kinase pathway but is dependent on the MAP kinase ERKs. Therefore, in the anaplastic thyroid cancer cells, the endogenous downregulation of miR-25 may enable the upregulation of TRAIL to activate its pro-survival MAP kinase responses (perhaps involving MEK4). Future studies may also benefit from investigating whether miR-25 is involved in regulating MEK4 and TRAIL in response to TRAIL cancer therapies.
In conclusion, this study used an unbiased approach to elucidate almost 100 genes that are either directly or indirectly targeted by miR-25 and miR-222 in thyroid cells. The number of genes in these target lists, the extent to which the genes are regulated and the diversity of their functions is reflective of other published accounts of miRNA target prediction and elucidation. The gene targets of these two miRNAs confirm the diverse nature of miRNA-target interactions within cells. A considerable proportion of these targets have been validated using RT-PCR with a further two, MEK4 and TRAIL, being confirmed at the protein level. We provide an interesting insight into the functions of these two miRNAs in thyroid cells, in particular that cell adhesion and apoptosis are important aspects of miR-25 functioning in thyroid cells. In addition to this, there is broad scope for further investigation of the many results produced by this study.
